The anisotropy complex refractive index of tissue is an important parameter in understanding the behavior of light, including its transportation in and interaction with tissues. We used the specular reflection method to investigate the anisotropy complex refractive index of chicken tissue with fibrous structures in vitro at a wavelength of 650 nm. The measurement data were highly consistent with the Fresnel equations. The results showed that the real refractive index was higher along the orientation of the fibers than along the cross section, but the imaginary refractive index was nearly identical. Furthermore, the fiber orientation was in the direction of the optic axis of the chicken tissue and the chicken tissue section was similar to a negative uniaxial crystal wafer.
INTRODUCTION
Tissue characteristics play an important role in all kinds of medical laser treatments and biomedical imaging [1, 2] . Among the various optical parameters of tissues, the refractive index is an important one. Tissue is an optically turbid medium, and when photons propagate in it, they are scattered and absorbed by the particles and macromolecules inside the tissue. It is recognized that at microscopic scales ranging from 1 to 10 µm, refractive index fluctuations cause light scattering [3] . To determinate the spatial and temporal distributions of light in tissues, primarily the optical properties of tissues should be measured. For example, in a Monte Carlo simulation of photon interactions with the boundaries of a homogeneous biological tissue or interfaces within a heterogeneous tissue, the refractive index is a key parameter [4, 5] . Until now, a few attempts to derive the refractive index of biological tissues have been reported. The first attempt at measuring the refractive index in biological tissues was carried out by Bolin et al [6] and included a distribution measurement of the light transmitted through an optical fiber with tissue as the fiber cladding. The technique of optical coherence tomography (OCT), which uses coherent reflection inside a tissue with a converging light beam was introduced as another emerging technology [7] . Measurements of specular reflectance at one or a few incident angles based on the Fresnel equations have been employed to determine the complex refractive index for turbid samples [8, 9] and biological samples [10] - [13] . To our knowledge, the latter method is widely used to measure the refractive index of tissue. However, the challenge of determining the refractive index of biological tissues from reflectance accurately is still significant because of the presence of turbidity in tissues. Collagen and muscle fibers are common constituents of many biological tissues. Tissue birefringence results primarily from the linear anisotropy of fibrous structures that form the extracellular media [14, 15] . Recently, investigations on the optical anisotropy of fibrous tissues using OCT, especially polarization-sensitive optical coherence tomography (PS-OCT), were reported by several research groups [16] - [19] . Many tissues such as tendon, muscle, nerve, and cartilage influence the polarization state of light backscattered due to their linear or fibrous structures, and PS-OCT can potentially be a very useful technique in the investigation of the structural properties and biochemical composition of these tissues. However, most of the studies on birefringence of tissue have been paid more attention to the measurement or imaging of birefringence, and little attention to the refractive index values of tissues. To understand light behavior, including its transportation in tissues and interaction with biological objects, it is necessary to acquire accurate data regarding the refractive indices of tissues. Therefore, it is still an open question and an important task to obtain anisotropy refractive index of tissue accurately.
The aim of this work was to measure the anisotropy complex refractive indices of fresh chicken tissues in vitro by means of a nonlinear regression of the total coherent transmittivity curve of the tissue-prism system. The anisotropy complex refractive index was obtained at a wavelength of 650 nm in accordance with the Fresnel equations. The optic axis of chicken tissue was determined with polarized light.
METHODS
The method of measuring specular reflection comes from the well-known classical laws of reflection and refraction. When total internal reflection occurs, the incident light does not interact with the second medium except in the region of the interface of thickness that is about the same order of magni-chicken sample tude as the wavelength. Note that the mean-free-path is about 100 µm for most tissue types, which is much longer than the wavelengths available [10] . Thus, when total internal reflection takes place, statistically significant scattering does not occur if the tissue is used as the second medium. We adopted this approach to measure the coherent transmittivity T s of an s-polarized incident wave of a tissue-prism system as a function of the incident angle i 1 from the interface between air and a glass prism. The measured coherent transmittivity was fitted with the calculated values from the Fresnel equations, which require the assumed value of the complex refractive index of the sampleñ = n − ik and the known refractive index n g of the prism. The value ofñ was inversely determined by using an iteration process to achieve the least-squares difference between the measured and the calculated T s . A schematic of the optical setup was shown in Figure 1 . A collimated s-polarized laser beam of power I with an incident angle of i 1 was incident on one side AB of a right-angle prism, which was placed on a goniometer rotated by a step motor. It then was refracted with a refractive angle of i 1 . Next, light with an incident angle of θ irradiated the interface BC between the prism base and tissue sample. The reflected beam propagated along the specular reflection angle and exited symmetrically from the other side surface AC of the prism, and its power I could be measured with a photodiode. The total coherent transmittivity T s was equal to I/I 0 .
According to the Fresnel equations, the reflectivity of planes AB, BC, and AC for s-polarized incident waves can be given by
where i 1 , i 1 , θ, θ , i 2 , i 2 are the incident angles and refractive angles of the planes AB, BC, and AC, respectively. Given the assumptions that the prism angle is α (here α = 45 • ) and the refractive index of the ambient medium is n 0 (here n 0 = 1), there are the following relationships according to Snell's law and simple geometric relationships,
whereñ is the reflective index of the tissue sample. Therefore, the total coherent transmittivity T s of an s-polarized incident wave can be calculated by
The complex refractive indexñ of tissue is solved with a method of least squares based on the Marquardt-Levenberg nonlinear regression algorithm by fitting the calculated values T s to the measured values. Theoretically,ñ can be solved from Eqs. (1)- (3). However, it is problematic to obtain a convergent, stable and accurate solution because of the complex n. To avoid this problem, we have chosen to use the following simple analytical expression of reflectivity of an s-polarized incident wave of plane BC given by Humphreys-Owen [8] :
If the complex refractive index of tissue relative to the prism is
, where x = cos θ and y = sin θ. Thus, Eq. (3) can be rewritten as the 3-dimensional curve of T s relative to various n and k (set i 1 = 10 • , n g = 1.7453, α = 45 • , n 0 = 1). Note that transmittivity increases as n and k increase. Figure 3 shows the relationship between the transmittivity curves and their derivatives for various values of k. Note that the transmittivity curve at a critical illumination angle changes sharply at k = 0 and gradually when k > 0. For a non-absorbing or non-scattering medium (i.e., k = 0), the angular positions of the maximum derivatives of the transmittivity curves are the same as the critical angle. However, for an absorbing or scattering medium (i.e., k > 0), the angular positions of the maximum derivatives of the transmittivity curves deviate from the critical angle. Figure 4 shows the relationship between the transmittivity curves and their derivatives for various values of n. Note that the shift in the transmittivity curve is sensitive to different values of n; therefore, the accuracy of this curve-fitting method is high.
RESULTS
Fresh chicken tissues were obtained from the chest area of five different domestic 2 month old chickens from a slaughterhouse. The obvious fibrous structure of the tissue was suitable for this study of optical anisotropy. The chicken patches were stored in a bucket on crushed ice (∼ 0 • C) in a refrigerator immediately after removal from the chickens. The sample sections were prepared so that they were approximately 2 mm thick, 10 mm wide, and 20 mm long. They were warmed naturally to room temperature (∼ 20 • C). First, the base surface of a 20 × 40 cm prism was smeared with refractive index matching liquid (Mycro Technologies Co., Ltd., the refraction index was 1.7452). Then, the section was softly stuck to the base surface. In this way, some air bubbles due to the rough surface of tissue [20] were eliminated. The pressure effect caused by pressing the section against the base surface [21] was also cancelled.
The experimental setup was similar to that shown in Figure 1. In all experiments described below, we used the same semiconductor laser (40 mW; 650 nm; beam divergence < 0.3 mrad) at room temperature. S-polarized light was used to measure the refractive index of the tissue samples. The collimated laser beam irradiated one side of a right-angle glass prism (ZF6, n g = 1.7453) through an s-polarizer with an aperture of 1.5 mm. The prism was attached to a rotated goniometer driven by a rotation stage with an angle resolution of 1 . When the incident angle was changed, a photodiode received the power of the light emitted out of another side of the prism. To calibrate the experimental apparatus, first, we measured the T s curve of deionized water. The value of real refractive index of deionized water was 1.3289 and the imaginary index was less than 8 × 10 −5 . This value was close to that of Li and Xie's work [10] (H 2 O, n = 1.322 ± 0.006, 632.8 nm).
Then, we measured the refractive index of the chicken tissue sections. To investigate optical anisotopy, we selected five chicken tissue sections each from different chickens. In addition, we altered three angles for each section with linearly s-polarized light incident upon the tissue sample, with electric fields directed parallel, perpendicular, and 45 • to the measured fiber orientation. The angle was denoted as Φ and assigned as 0 • , 90 • , and 45 • . Five time measurements were carried out for each section and for each angle and the last value was the average. Figure 5 shows three total coherent transmittivity curves for Φ = 0 • , 45 • , 90 • that were measured, which fit the theoretical curves well. Table 1 highest, that at 90 • is the lowest, and that at 45 • is almost the average of the sum of the reflective indices at 0 • and 90 • .
DISCUSSION
Three issues should be considered in an assessment of these results. The first concern is the meaning of refractive index. From the point of view of electromagnetic waves, the real part of the refractive index shows the phase retardation of the wave caused by tissue, and the imaginary part shows the attenuation. The total attenuation coefficients, as the sum of the scattering and absorption, appear to affect the imaginary refractive index of chicken tissue significantly, as shown in Figures 3 and 5 . The diffuse scattering originates from two sources: the rough tissue surface mismatched optically with the prism glass and the tissue bulk. However, the diffuse scattering should be dominated by the light scattering in the tissue bulk [11] . The water, hemoglobin and other chromophores in the tissue are the primary factors that affect the absorption in the visible and near infrared ranges. The result of the imaginary refractive index (in orders of 10 −3 ), as shown in Table 1 , is much less than that of the real refractive index. One explanation might be the light color of the chicken tissue. The imaginary refractive index of the dark tissues like liver and kidney may be greater than that of chicken tissue in quantity.
The second concern is the anisotropy refractive index. We used a construction of polarized light coherence [22] , as shown in Figure 6 , to confirm the optical axis of the chicken tissue. The chicken tissue sections that were 0.1 mm thick, 20 mm wide, and 40 mm long were fabricated using the above method. The absorption and scattering effects can be neglected because the section was thin. The section was located between two orthogonal linear polarizers. P as a polarizer ensured that the linear s-polarization of the input laser and A as an analyzer tested the polarization state of exiting light. The tissue section was rotated between 0 • and 90 • . When the fiber orientation of the tissue section was parallel to the vibrating direction of the electric field of P, the exiting intensity was at its minimum. In accordance with the coherent principle of polarized light [22] , the fiber orientation is the direction of the optical axis of the tissue. Because the electric displacement vector of the ordinary wave vibrates perpendicular to the principal plane (the plane containing the wave normal and the optical axis), the electric displacement vector of the extraordinary wave vibrates in the principal plane [22] . Thus, the fiber orientation is the vibrating direction of the electric displacement vector of ordinary light. The tissue section is similar to a negative uniaxial crystal wafer. The refractive index measured at Φ = 0 • was that of an ordinary wave, i.e. n o , and the refractive index measured at Φ = 90 • was that of an extraordinary wave, i.e. n e . Here, n o = 1.3949 + 0.0053i and n e = 1.3540 + 0.0053i. It is known that the real part of n o is larger than that of n e , but both the imaginary parts of n o and n e are the same within the measurement limits of this study. The refractive index of the chicken tissue was higher along the length of fibers than that along the cross section. This important conclusion is in agreement with other studies [14, 15] .
Last, the uncertainty in the experimental data, i.e., the sum of the squared standard deviations, should be assessed. The main sources of measurement uncertainty originate from three factors. The first was the accuracy of the goniometer, which was restricted within 1 . The error can be estimated as ±0.0002 from the angle of total reflectance [23] . The second was the small difference in the refractive indices between the prism and refractive index matching liquid. The gap was only 0.0001, so the error was estimated at ±0.00007. The third was the curve-fit deterioration that was due to statistical error in the raw data. A method based on Matlab was proposed to estimate the curve-fit error in this study. This method is described in detail below. A new matrix was generated by multiplying the "raw data" with an artificial matrix of pseudo-random numbers. Given the assumption that the squared standard deviations between the new matrix and the "raw data" matrix was equal to that between the "raw data" matrix and curve-fit, the statistical error of the refractive index was the squared standard deviations of nonlinear regression from the new data and the raw data. In this way, the statistical error was estimated at ±0.00002. Table 2 shows the uncertainty of the refractive indices originating from the three main sources. As a whole, the maximum absolute error and relative error of the measurement data were about ±0.0003 and 0.02%, respectively. The results indicated that the measurement accuracy of this study was high. 
CONCLUSIONS
We used the specular reflection method to study the anisotropy complex refractive index of chicken tissue at 650 nm. Our results are described well by Fresnel's theory. Analysis of the data indicates that the chicken tissue with fibrous structures showed optical anisotropy. The refractive index was higher along the orientation of the fibers than along the cross section. Furthermore, the refractive index along the orientation of fibers was that of an ordinary wave and the refractive index along the cross section was that an extraordinary wave. The fiber orientation was in the direction of the optical axis of the chicken tissue and the chicken tissue section was similar to a negative uniaxial crystal wafer. Therefore, all of tissues with apparent fibrous structures possibly present optical anisotropy. In this study, the refractive indices were measured at 650 nm, but the method and measurement skills of this work could also be applied to other wavelengths.
